Single nucleotide polymorphisms (SNPs) are the benchmark molecular markers for modern genomics. Until recently, relatively few SNPs were known in the zebrafish genome. The use of nextgeneration sequencing for the positional cloning of zebrafish mutations has increased the number of known SNP positions dramatically. Still, the identified SNP variants remain under-utilized, owing to scant annotation of strain specificity and allele frequency. To address these limitations, we surveyed SNP variation in three common laboratory zebrafish strains using whole-genome sequencing. This survey identified an average of 5.04 million SNPs per strain compared with the Zv9 reference genome sequence. By comparing the three strains, 2.7 million variants were found to be strain specific, whereas the remaining variants were shared among all (2.3 million) or some of the strains. We also demonstrate the broad usefulness of our identified variants by validating most in independent populations of the same laboratory strains. We have made all of the identified SNPs accessible through 'SNPfisher', a searchable online database (snpfisher.nichd.nih.gov). The SNPfisher website includes the SNPfisher Variant Reporter tool, which provides the genomic position, alternate allele read frequency, strain specificity, restriction enzyme recognition site changes and flanking primers for all SNPs and Indels in a user-defined gene or region of the zebrafish genome. The SNPfisher site also contains links to display our SNP data in the UCSC genome browser. The SNPfisher tools will facilitate the use of SNP variation in zebrafish research as well as vertebrate genome evolution.
INTRODUCTION
Next-generation sequencing (NGS) has revolutionized the acquisition of large amounts of genomic data (Turner et al., 2009) . The ability to sequence entire genomes has spawned projects like the 'Thousand Genomes Project', which aims to identify variation within human populations to make genotypephenotype correlations possible for complex traits (Abecasis et al., 2010) . In contrast to the human genome, much less is known about the genetic variation of the zebrafish genome, despite its similar size. The zebrafish (Danio rerio) has emerged as one of the most popular model organisms for phenotype-based forwardgenetic mutagenesis screens owing to its optical clarity, rapid development and high fecundity (Patton and Zon, 2001) . Unlike other vertebrate model organisms, most of the common laboratory zebrafish strains were established relatively recently from single pairs of founder fish caught in the wild or purchased from pet stores, with progeny selected for lack of embryonic lethality and developmental anomalies (Trevarrow and Robison, 2004) . Generally, subsequent propagation of these wild-type strains has sought to avoid loss of genetic variability due to bottlenecking and genetic drift by avoiding inbreeding, maintaining a maximum effective population size and importing individuals of the same strain from other populations (Harper and Lawrence, 2011) . However, most labs maintain their own small, closed populations of each wild-type strain, and adoption of the aforementioned measures varies greatly among fish facilities (D. Castranova, personal communication). Consequently, the genetic variability between and within wild-type strains probably varies considerably among different population isolates.
Only a handful of studies have attempted to quantify the genetic variability of laboratory zebrafish strains. Empirical measures of genetic variability in wild-type zebrafish strains have suggested high levels of both intra-and interstrain variation. Initial studies using simple sequence length polymorphism markers (SSLPs) were limited by either the number of markers used or by the number of individuals of a strain tested (Knapik et al., 1998; Nechiporuk et al., 1999; Coe et al., 2009) . Similarly, subsequent studies using single nucleotide polymorphisms (SNPs) greatly expanded the number of markers tested, but few individuals of each strain were genotyped (Stickney et al., 2002; Guryev et al., 2006; Bradley et al., 2007; Whiteley et al., 2011) . Recently, whole-genome sequencing (WGS) has been used to identify SNP and insertion/deletion (Indel) variation in wild-type and chemically mutagenized zebrafish (Bowen et al., 2012; Obholzer et al., 2012; Howe et al., 2013; Patowary et al., 2013) . Many of the NGS positional cloning strategies described for zebrafish rely heavily on the ability to filter out normal variants and/or track strain-specific SNPs (Bowen et al., 2012; Leshchiner et al., 2012; Obholzer et al., 2012; Voz et al., 2012; Miller et al., 2013) . Therefore, NGS positional cloning strategies would be enhanced by increased information on normal genetic variants found within the zebrafish genome. This would facilitate differentiation between neutral polymorphisms and phenotype-causing mutations, particularly when no 'smoking gun' mutations are identified in the critical regions.
In this study, WGS was employed to find SNP and Indel variant positions in three populations of commonly used laboratory zebrafish strains (EK, TL and WIK) . An average of 5.04 million SNPs was identified in each strain surveyed. Each SNP was categorized according to its strain distribution, frequency and position (exon, intron, etc.) in the genome. The resulting SNP variation dataset was then organized into a user-friendly suite of tools named 'SNPfisher'. SNP variants were also formatted for display in the UCSC genome browser for integrated genomic displays .
RESULTS

WGS of three common laboratory zebrafish
WGS was performed to identify both SNP and Indel variation in three common laboratory zebrafish strains, including Tüpfel long fin (TL), WIK and Tg( fli1a-eGFP y1 ). TL was originally purchased in a pet shop and derives its name from the recessive leopard phenotype (tüpfel translates to 'dot' in English) and dominant long fin mutant phenotypes (Tresnak, 1981; Haffter et al., 1996) . WIK, formerly WIK11, originated from a single pair of wild-type zebrafish caught in India exhibiting the absence of embryonic and larval lethality (Rauch et al., 1997) . The Tg( fli1a-eGFP y1 ) transgenic strain, popular in vascular biology and henceforth referred to as FLI, was originally generated from and has been subsequently back crossed to the EkkWill (EK) strain [originally derived from fish obtained from EkkWill Tropical Fish Farm (Gibsonton, FL, USA)] and therefore represents an isolate of EK (Lawson and Weinstein, 2002) . Sequencing libraries were prepared from genomic DNA isolated from each of the above strains separately. Each strain library was generated from caudal fin clips from 18 individual adult zebrafish (nine females and nine males), pooled into a single sample for library construction. Illumina HiSeq sequencing reads were aligned to the Zv9 reference genome sequence, a genome sequence mainly generated from the Tübingen strain (TÜ) (Howe et al., 2013 ). An alternative allele was considered to be anything that differed from the Zv9 reference sequence at a given position. Evaluation of the resulting alignments demonstrated a mean of 16.1× genome coverage for each strain surveyed. With genome coverage of 16×, we expect to detect 80% of alternate alleles with frequencies equal to 0.1 assuming random sampling (supplementary material Fig. S1 ). However, a minimum read depth of three reads was required for inclusion in our dataset, which drops the expected detection to 78% for alternate alleles with frequencies equal to 0.4 (supplementary material Fig. S1 ). Prior to applying filters, Genome Annotation Toolkit (GATK) marked 35.4±0.2 million reads as containing a variant per strain (supplementary material Fig. S2 ). The total number of variant reads was reduced to 10.7±0.2 million (∼30% of total) once quality control filters (described in the Materials and Methods) were applied (supplementary material Fig. S2 ). The remaining variants were then further filtered by requiring a 3-read minimum in each strain and by removing any variants contained in repetitive sequence as annotated by Repeatmasker. After this filtering, the surveyed strains averaged 5.04±0.22 million variants per strain. This equates to a SNP ratio of seven SNPs per 1 kb of unique sequence in the zebrafish reference genome. In order to put the amount of variant positions in laboratory zebrafish into perspective, a scripted calculation was used to determine the total number of SNP variants in a single, ethnically defined human population when 18 individuals were randomly chosen from the 1000 genomes samples (Abecasis et al., 2012) . Surprisingly, laboratory zebrafish ranged from 6.3 to 4.4 SNPs per 1 kb, which is a higher ratio than any ethnically defined human population (2.6-4.4 SNPs per 1 kb) measured (supplementary material Fig. S3 ). This suggests that either the human genome reference sequence is more representative of the consensus human genome among various populations or there is more genetic variation in the wild zebrafish populations that were used to establish laboratory strains.
Strain-specific and shared genetic variation in laboratory zebrafish
For many applications, especially genetic mapping, the strain specificity and allele frequency of a polymorphism will determine its utility. Therefore, SNPs and Indels that passed each of the filter criteria were classified according to their distribution among each strain (Fig. 1A) . For purposes of our analysis, strain-specific variants were defined as alternate alleles observed in only one of the strains. Strain-specific SNP and Indel variation was measured by counting positions in which an alternate allele, considered any base differing from the Zv9 reference sequence, was present in only one of the three sampled strains (red, yellow and blue quadrants in Fig. 1A ). The number of strain-specific variants ranged from a maximum of 1.35 million in WIK to a minimum of 0.62 million in TL, with a mean of 0.99±0.21 million SNPs (average strain-specific SNP ratio=1.34 SNPs/1 kb). The observed amount of relative strain-specific variation is similar to estimates determined with limited SSLP markers (Coe et al., 2009) . In contrast to strain-specific variants, we defined shared variants as any alternate alleles differing from the Zv9 reference sequence and that were observed in more than one of the strains surveyed. The majority of the shared variants we identified (2.32 million) were observed in all three strains (Fig. 1A, black) , suggesting that these genomic positions are commonly polymorphic in parental wild zebrafish populations from which the laboratory strains were derived. Some of the other shared variants demonstrated some strain specificity being present in two of the three surveyed strains (Fig. 1A , purple, orange and green quadrants). Of these, FLI (derived from EK) and TL have the highest number of shared variants (1.21 million), whereas WIK and TL contain the lowest (0.42 million).
As mentioned above, the frequency of a polymorphism often dictates its utility. In genetic mapping, the likelihood of the presence (high-frequency variants) or absence (low-frequency variants) of a polymorphism will determine its value as a genetic marker. Therefore, once grouped by strain specificity, variants were classified by alternate allele read frequency into 10% intervals ( Fig. 1B-E) . Alternate allele read frequencies (F) were simply calculated by dividing the number of alternate allele reads by the total number of sequence reads at a given position. As our sequencing libraries for each strain were generated from a pool of 18 individuals, the alternate allele read frequencies reflect estimates of the frequencies within the strain population rather than allele frequencies calculated from individual genotyping. In both the TL and WIK strains, the majority of strain-specific SNPs (60 and 55%, respectively) had F≥0.5, whereas only 29% of FLI-specific SNPs reached the same frequency (Fig. 1B) . The higher number of fixed (F=1) alternate alleles in the TL and WIK strains (19 and 13%, respectively) compared with the FLI strain (5%) accounts for most of the observed differences. The difference in the number of fixed alleles might reflect a difference in population management, as FLI has been propagated at the National Institutes of Health (NIH, Bethesda, MD, USA) for 15 generations, whereas the TL and WIK strains, surveyed in this study, were propagated for two generations since acquisition from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA). Strain-specific Indels had a similar distribution when compared with strain-specific SNPs except that Indels at F<0.3 were underrepresented (Fig. 1C) .
For shared variants, alternate alleles that were fixed in all three populations (Fig. 1D, black) accounted for the largest group in each of the strains surveyed, ranging from 25% (TL) to 15% (FLI). This observation suggests that the alleles found at these positions in the Zv9 reference genome sequence are probably not the true 'consensus' laboratory zebrafish alleles, but rather TÜ-specific variants. Unlike shared SNPs, shared Indels did not show a bias toward fixed alleles, but were more evenly distributed among the frequency intervals in each strain (Fig. 1E) . Again, most Indels (59-70%) were present at some frequency in all three strains, suggesting that these were probably common among the wild zebrafish used to establish the laboratory strains.
In order to evaluate the spatial density of the identified variants, the zebrafish genome was divided into 100-kb non-overlapping bins and the number of SNPs per each bin (regardless of alternate allele frequency) was measured. The resultant 100-kb bins were then averaged by chromosome (Table 1) . Genome-wide calculations (average of each chromosome) of the total number of SNPs per 100 kb ranged from 382 (FLI) to 324 (TL), whereas the average number of strain-specific SNPs was between 94 (WIK) and 47 (TL). The ability to discriminate strains by SNP content (Table 1, informative SNPs) was determined by counting the number of differential SNPs expected from pairwise crosses ignoring allele frequency. With the exception of three chromosomes (16, 21 and 25) , crosses between FLI and TL would yield the lowest number of polymorphisms compared with crosses between FLI and WIK or between TL and WIK. To provide a broader view of SNP density in the zebrafish genome, the number of SNPs per 100-kb nonoverlapping bin was plotted along the length of each chromosome (supplementary material Fig. S4 ).
Gene-associated variation in the zebrafish genome
A great advantage of the zebrafish model is the ability to conduct large-scale forward-genetic screens. Most of these screens rely on chemical mutagenesis with N-ethyl-nitrosourea (ENU) (SolnicaKrezel et al., 1994) . With advances in NGS technologies, WGS has been employed to find ENU-induced mutations responsible for phenotypes of interest (Bowen et .9 < F < 1 .8 < F < .9
.7 < F < .8
.6 < F < .7
.5 < F < .6
.4 < F < .5 Indels (533, 242) Alternate Read Frequency 0 3 6 9 12 15 F = 1 .9 < F < 1 .8 < F < .9
.4 < F < .5
% of Total Interstrain Indels TL Indels (486, 285) Alternate Read Frequency 0 3 6 9 12 15 F = 1 .9 < F < 1 .8 < F < .9
. .9 < F < 1 .8 < F < .9
. 3 .9 < F < 1 .8 < F < .9
Alternate Read Frequency .9 < F < 1 .8 < F < .9
. 3 The numbers of strain-specific SNP (B) and Indel (C) variants (red, blue and yellow color-coded categories of variants shown in A) as percentages of total number of strain-specific variants (on the x-axis) and grouped by alternate allele read frequency (on the y-axis). The total number of strain-specific variants for each strain is shown in parentheses to the right of the name of each strain. (D,E) The numbers of shared SNP (D) and Indel (E) variants ( purple, green, orange and black color-coded categories of variants shown in A), as percentages of total number of shared variants (on the x-axis) and grouped by observed alternate allele read frequency (on the y-axis). The total number of variants is shown above each graph and the color scheme is shown to the right. The color code in all panels denotes which strain or strains contain(s) a variant at a given position (at any frequency) relative to the Zv9 reference: Red, present in only FLI; blue, present in only TL; yellow, present in only WIK; purple, present in FLI and TL, but not in WIK; green, present in TL and WIK, but not in FLI; orange, present in FLI and WIK, but not in TL; black, present in all three strains. F, alternate allele read frequency. Voz et al., 2012; Miller et al., 2013) . However, to recognize a causative mutation, other mutation candidates need to be eliminated from consideration. We examined our natural SNP and Indel variants for their presence in coding regions of the genome and their putative effect, if any, on the encoded peptides. Natural SNP and Indel variation was categorized using Annovar ( Fig. 2A-G Chromosome  FLI  TL  WIK  FLI  TL  WIK  F×T  F×W  T×W   1  369  320  367  66  45  110  209  291  299  2  371  321  285  93  58  70  237  297  278  3  387  158  158  69  41  92  209  285  297  4  299  288  308  43  43  88  173  243  254  5  441  317  349  57  50  99  207  273  283  6  383  345  351  69  52  97  69  97  97  7  371  327  337  66  43  87  204  282  279  8  360  330  334  67  57  92  224  255  300  9  394  328  373  70  48  93  229  273  295  10  401  321  363  81  35  94  221  296  284  11  395  362  398  49  30  123  157  309 . Color scheme used is as in Fig. 1 , and is also noted at the bottom of this figure. et al., 2010). As expected, the vast majority of SNP variants were located in either intergenic or intronic sequence ( Fig. 2A) . A mean of 8.4×10 4 (s.e.m.=0.5×10 4 ) SNP positions were located in the exons for each strain (Fig. 2B, EXON) . Of the exonic variations, about one quarter (23.4%) caused non-synonymous amino acid changes in each strain (Fig. 2C) . Many of these variants would be considered strong mutation candidates if located in crucial regions identified by meiotic mapping, as they include changes in polarity or charge of amino acid side chains (Fig. 2D) , nonsense and readthrough changes (Fig. 2E) , and frameshift and non-frameshift insertions/deletions (Fig. 2F) . Similarly, some of the SNP variants were located in splice acceptor and donor sites, resulting in potential aberrant splicing (Fig. 2G) . In order to determine the distribution of non-synonymous mutations among genes, the number of nonsynonymous changes per kb of exonic sequence was calculated for each Refseq gene annotation in the zebrafish genome. When all 14,484 genes are considered, an average of 56% of the total genes showed ≥1 non-synonymous change per kb of exonic sequence among the surveyed strains (supplementary material Fig. S5 ).
Alternate alleles are present in independent population isolates
The relative amount of genetic drift from the founders of a given strain will vary among different isolates maintained in independent laboratories. To determine the utility of our variation data for the larger zebrafish community, we compared our variation data ( populations maintained by the Weinstein laboratory at the NIH) with independent variation data obtained from populations maintained by the Granato laboratory [University of Pennsylvania (UPenn), Philadelphia, PA, USA). The NIH populations of TL and WIK were both acquired from the ZIRC and maintained at NIH for two generations. The UPenn and ZIRC populations of TL and WIK were derived from the same parental populations kept by the Max Planck Institute for Developmental Biology (Tübingen, Germany), but have been propagated independently for ∼10-15 generations. This comparison was restricted to SNP positions that had at least three reads in both the NIH and UPenn data. In this comparison, the TL and WIK strains shared 3.22 and 2.70 million SNPs (61% and 48% of total), respectively (Fig. 3A,B) . The shared SNP positions were then quantified and grouped based on variant frequency in our dataset, as shown in Fig. 3C . Over 99% and 76% of the fixed alleles (1.0 value on y-axis) in the TL and WIK strains, respectively, were also detected in the UPenn dataset, suggesting that most of the SNP data at higher frequencies will be common among different isolates of zebrafish for both the TL and WIK strains (Fig. 3) . The higher percentage of SNPs detected in the TL strain suggests a lower level of genetic diversity in this strain compared with the WIK strain.
Zebrafish variant report compiler tool
Our data on genetic variation in laboratory zebrafish were organized into an easy-to-use website termed 'SNPfisher' (snpfisher.nichd. nih.gov). For acquiring and filtering variants in a gene or genomic region of interest, the SNPfisher variant report compiler was developed (Fig. 4A ). Users define a genomic region of interest using the UCSC genome browser coordinate format or provide a Refseq gene name in the query box (Fig. 4A) . Optional filters located below the main query box allow user-defined criteria for the variant frequency and the minimum read depth (Fig. 4A , dashed red and blue boxes, respectively). An example of the SNPfisher variant report compiler annotation is shown in Fig. 4B . This report includes the genotype of the population (GT), read depth at the variant position (DP), the allele distribution (AD) and the alternate allele read frequency (FQ=alternate allele reads divided by the total number of reads) for each of the three surveyed strains (FLI, TL, WIK) (Fig. 4B) . To expedite the use of these variants, each was provided a link to the 'Primer3' web interface to generate primers for PCR amplification (Rozen and Skaletsky, 2000) . To further facilitate the use of these variants in applications like allele-specific PCR or genetic fine mapping, each variant was evaluated for restriction fragment length polymorphisms (Fig. 4B) . Likewise, to aid in the selection of variants as molecular markers, an external data hyperlink (EX_Data; Fig. 4B ) was built into the SNPfisher variation report to assess the presence or absence of variants in other laboratory populations (Fig. 4C) . Additionally, external variant annotations can be queried directly by launching the 'External Data' hyperlink at the SNPfisher homepage. This link opens a query box to retrieve the desired external variation data by refseq gene name or genomic coordinates. In order to demonstrate the ease and utility of the SNPfisher variant report compiler, variants were evaluated for their informativeness in the ∼800 kb crucial region that has been reported for the cloche mutation (Leshchiner et al., 2012) . Hypothetically, if recombination in the cloche region were to be determined by segregation of TL versus WIK alleles, the allele frequency and depth filters could quickly prioritize variants to serve as molecular markers. An unfiltered search of the region returns 4683 variants. Requiring fixation of variant alleles (alt. read frequency=1.0) in TL or WIK decreases the number of variants to 837 and 853, respectively. Requiring absence of TL variants in WIK and vice versa drops the number of variants to 160 and 145 for TL and WIK variants, respectively (left plots in Fig. 4D,E) . Additional filtering by read depth, which is proportional to the accuracy of the alternate allele read frequency estimate, quickly reduces the number of candidate variant markers (right plots in Fig. 4D,E) . Thus, the SNPfisher variant report compiler not only documents variants, but also prioritizes them to suit a user's needs.
Genome-wide variant resources
To facilitate genome-wide approaches, like filtering strain variants from NGS-based positional cloning projects, the SNPfisher site provides our datasets in variant call format files (VCF). These files are available from the 'Tracks and Datasets' page of the SNPfisher website (Fig. 5A, column 2) . The SNPfisher VCF contains 7.86 million variants. Additionally, VCFs partitioned by strain distribution are also provided for download. To demonstrate its filtering capability, the SNPfisher dataset was used to filter the linkage region of the published ca1 mutant (Leshchiner et al., 2012) . The SNPTrack pipeline, after applying its own inherent variant filtration, identifies ten missense mutations as the most likely causative mutations. SNPfisher filtration reduces the number of candidates to six, having four annotated as natural variants.
In order to enhance genome-wide variant lists, we combined our variants along with previously published variants (Bowen et al., 2012; Obholzer et al., 2012) . Our dataset, as well as the others, were generated from sequencing libraries of pooled genomic DNA samples. Consequently, the alternate allele read frequency is an A B estimate of the alternate allele frequency in the population of fish represented in the pooled genomic sample. Therefore, the available datasets were combined with our variants in a format we have named consortial variant format (CVF). CVFs contain the chromosome or contig (CHROM), position (POS), reference allele (REF), alternate allele (ALT), reference read depth (REF_DP), alternate allele read depth (ALT_DP), total read depth (DP) and alternate allele read frequency (AF). All of the depth values are sums calculated from the collective datasets available. CVFs for the AB, TL, TÜ and WIK strains, containing 5064481, 6994338, 4094439 and 9661402 variants, respectively, are available for download from the SNPfisher 'Tracks and Datasets' page (Fig. 5A, column 4) .
SNPfisher genome browser displays
For integrated inquiries with other genome annotations, SNPfisher variants were formatted for display in the UCSC genome browser and accessed through the 'Tracks and Datasets' link at the SNPfisher homepage (Fig. 5A, column 1) . SNPfisher variants were organized into bigBed files and the sequencing coverage of each base of the zebrafish genome was provided in bigWig files. Variant annotation consists of the Zv9 reference allele, the alternate allele, the read depth and the frequency of the alternate allele per total alleles, as demonstrated in Fig. 5B . The frequency information for the Combined FLI/TL/WIK track is calculated from the sum of the alternate allele reads divided by the total number of reads from all strains. For the Combined track, the strains are represented by color, as shown in Fig. 5B (top) . SNPfisher also provides a convenient means to scan short oligos for SNPs and Indels. Users must first launch the links for the strain variation of interest (bigBeds) on the 'Tracks and Dataset' page. Then, from the SNPfisher homepage, launching the 'Blat a Sequence' link will provide a query box for the UCSC Blat tool to search any oligo sequence (Fig. 4A, left) (Kent, 2002) . To show the utility of using this tool, a genome-wide survey of splice morpholino (spMO) target site and predicted CRISPR site variation was conducted. Using the SNPfisher variation dataset alone, at least one variant was identified in 48% and 21% of spMO (498,064) and predicted CRISPR (4.28 million) target sites, respectively.
DISCUSSION
Historically, the low number of identified SNPs has hampered their use in the zebrafish field (Stickney et al., 2002; Guryev et al., 2006; Bradley et al., 2007) . The recent use of WGS and RNA-seq to clone zebrafish mutations has generated a substantial amount of SNP data in the last few years (Bowen et al., 2012; Leshchiner et al., 2012; Obholzer et al., 2012; Voz et al., 2012; Miller et al., 2013) . However, the annotation and relative ease of accessing SNP variation data remain scant and insufficient, respectively. Similarly, the utility of the known SNPs is often limited by the absence of annotations for strain specificity and allele frequency.
In this study, we sampled the natural genetic variation within and between three laboratory zebrafish strains by WGS of pooled DNA samples, encompassing 18 individuals per strain. Each sample was sequenced to ∼16× coverage, yielding an average of 5.04 million SNPs per strain when compared with the Zv9 reference strain. One drawback of using pooled DNA samples is the inability to directly measure allele frequencies for reference and alternate alleles. However, we assumed that each of the 36 alleles in our samples had an equal probability of being sequenced. Consequently, we can estimate the allele frequency from the ratio of alternate allele reads to reference allele reads at a given position. Clearly, the accuracy of our estimated allele frequencies will be proportional to the total read depth per position. A similar proportional relationship will exist between the observed strain specificity and total read depth, as alternate or reference alleles are less likely to be missed at higher read depths. Importantly, the SNPfisher reporter tool enables researchers to easily filter by minimum read depth, allowing each researcher to choose their confidence threshold.
For both the TL and WIK strains, we directly compared the variation in our populations to independent populations maintained in the Granato laboratory at the University of Pennsylvania to address the applicability of using our SNP data in other populations. When alternate allele frequency is considered, almost all (>99%) of the TL variant positions fixed in the NIH population (1.25 million) are detected in the UPenn population, suggesting that our variation data represent the TL strain well. At the same alternate allele frequency, fewer WIK variant positions in the NIH population (0.90 million; 77%) are detected in the UPenn population. Still, the vast majority of fixed variants are detected, suggesting that the variation observed in the WIK population at NIH can be applied reasonably well to other WIK isolates.
In order to facilitate access and use of our dataset, we generated the SNPfisher tool and formatted our data for display in the UCSC genome browser. SNPfisher provides a user-friendly, web-based interface for the acquisition of SNPs and Indels in any region of the zebrafish genome. Users can supply minimums for read depth and allele frequency in any or all strains surveyed (EK, TL or WIK) to quickly ascertain SNPs of interest. Additionally, the display of our SNP data in the UCSC genome browser facilitates integrated inquiries of SNP variation to augment primer selection and target site selection for TALENs, CRISPRs or morpholinos (Nasevicius and Ekker, 2000; Huang et al., 2011; Sander et al., 2011; Chang et al., 2013; Hwang et al., 2013) . Variation in intended target sites can be a significant issue in the design of effective tools for site-directed mutation or gene knockdown. For example, unique CRISPR target sites (for the Schizosaccharomyces pombe Cas9 system) have been predicted for the entire zebrafish genome (http://www.genomeengineering.org/crispr/?page_id=41). Examination of the 4.28 million predicted CRISPR target sites revealed that 21% contained SNPs annotated by SNPfisher. Similarly, we evaluated over 498,000 splice morpholino target sites and determined that 48% had at least 1 annotated variant in SNPfisher. Taken together, these observations argue for the incorporation of variation data into sequence-based molecular biology reagent design, which is now easy with SNPfisher.
The SNP variation that we report in this study will enhance the identification of genetic lesions in forward-genetic approaches. Our data will improve the discrimination between causative mutations versus neutral polymorphisms. In addition, the identification of SNP variation in studies like ours will enable genome-wide association studies to tackle complex traits in the zebrafish. Hypothetically, an ENU-mutagenesis screen could be conducted to identify a family with an extreme spectral phenotype that exhibits non-Mendelian inheritance. Given the fecundity of zebrafish, a genome-wide association scan could be performed within the family of interest comparing affected to wild-type siblings, eliminating signals from population stratification without compromising sample size.
MATERIALS AND METHODS
Ethical statement
Zebrafish work was performed in accordance with NIH policy and approved by the Institutional Animal Care and Use Committee.
Zebrafish strains and gDNA isolation NIH isolates. Tüpfel long fin (TL) and WIK (Rauch et al., 1997) zebrafish strains were purchased from the ZIRC and propagated for two generations. The Tg( fli1a-eGFP) y1 strain (Lawson and Weinstein, 2002 ) is derived from a transgenic insertion into the EkkWill (EK) strain and has been maintained at NIH for 14 generations, including several backcrosses to wild-type EKs. For each strain, the caudal fins were clipped from 18 individual adult zebrafish (nine female and nine male), and the clips were pooled into a single sample from which gDNA was isolated using standard techniques (Strauss, 2001) . UPenn isolates. TL and WIK samples contained gDNA isolated and pooled from the somatic tissue of 26 and 27 ENU-mutagenized adult males, respectively. Males were selected prior to mutagenesis based on the absence of startle response, performance and habituation behaviors.
Whole-genome small insert library method and sequencing
The NIH Intramural Sequencing Center (NISC) performed library preparation and WGS. Five micrograms (μg) of genomic DNA was sheared to ∼500 bp using a Covaris E210 with the following settings: duty cycle 20%; intensity 4; cycles 200. The DNA was size-selected for a range of 300-600 bp on a Pippin Prep (Sage Science) 1.5% cassette. The library was constructed on a SPRI-TE Robot (Beckman Coulter) using SPRI-TE reagents and Illumina Paired-End DNA Sample Prep Oligo Only Kit. The resulting library was size-selected on a Pippin Prep with a 1.5% cassette selecting for 440-560 bp. To ensure that the library was not overamplified, test amplification was performed in which aliquots of a PCR reaction were removed every two cycles from 4-16. These aliquots were evaluated on a 2% agarose gel and an optimal cycle number was selected for subsequent large-scale amplification in which unique barcodes were added to each library. For these libraries 12-14 cycles were selected. Amplification reactions were cleaned up using two rounds of Agencourt AMPure Beads. Library aliquots were pooled and the pool was evaluated on a MiSeq indexed run. The de-multiplexed read numbers were used to produce a normalized pool for sequencing on a HiSeq2000. The five-member pool was run in one lane to generate paired-end 101 base reads. Additional reads were generated for three of the libraries (FLI, WIK and TL). These three were run in individual lanes under the same run conditions. Data were processed using RTA1.12.4.2 or 1.13.48 and CASAVA 1.8.2.
WGS alignment and post-processing
Reads in FASTQ format obtained from Illumina HiSeq sequencing were aligned to the Zv9 assembly (Ensembl) for each sample using Bowtie2 (Langmead and Salzberg, 2012) . Following alignment, the BAM files were treated according to the GATK best practices workflow (https://www. broadinstitute.org/gatk/guide/best-practices) (McKenna et al., 2010; DePristo et al., 2011) . Read clipping was performed and duplicates were marked and removed with Picard (http://picard.sourceforge.net). In addition, reads with mapping quality under 30 were discarded using Samtools and a custom Perl script (Li et al., 2009) . Finally, SNPs and Indels were called across all datasets in parallel using the GATK unified genotyper (McKenna et al., 2010; DePristo et al., 2011) .
Filtering and annotation of SNPs and Indels
SNPs and Indels were split and flagged according to manually defined filters as follows (FLAG: Filter logic): InDel: SNP mutations occurring within 10 bp of Indels; MapQuality: Mapping Quality <40; LowQual: QUAL <30; HighDepth: Depth >120; LowDepth: Depth <3; SNPCluster: ≥3 SNPs in a 10-bp window. Indels were flagged according to the following: LowQD: Quality depth ratio (QD) <2. Flagged mutations were discarded from consideration. Additionally, called mutations were required to pass data for all three datasets; a minimum of three reads must exist in each of the three strains for any single mutation to be considered. Mutations mapped to repetitive elements and low-complexity regions were removed using a Repeatmasker annotation file of the Zv9 sequence (http://repeatmasker.org). The SNPs were categorized by location and consequence using Annovar (Wang et al., 2010) . Basic statistics regarding gene position and resulting mutation changes were compiled using a custom Perl script. SNPs introducing or eliminating restriction enzyme recognition sites were predicted using a custom Perl script, using restriction enzyme mutation patterns for the list of enzymes available on the commercial website of New England Biolabs (NEB).
SNP density calculations
The size of the zebrafish genome (Zv9) is reported to be 1.506 Gb (Howe et al., 2013) . Repeatmasker masked 769 Mb of the Zv9 genome as repetitive sequence (51%), leaving 737 Mb of unique sequence. The size of the human genome is 3.14 Gb, with Repeatmasker marking 1.47 Gb as repetitive sequence. The remaining 1.66 Gb of unique sequence was used for density calculations.
ca1 Mutant filtration SRR453533 and SRR453534 were downloaded from the Sequence Read Archive (http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view=search_obj) and converted to FASTQ format with the fastq-dump tool in the SRA Toolkit (Wheeler et al., 2008) . The resultant FASTQs were uploaded to SNPTrack for linkage analysis and mutation screening (Leshchiner et al., 2012) . SNPs from the linked region (chr3:21.4-33.2 Mb), as indicated by the HMM score, were downloaded from SNPTrack if they met each of the following criteria: (1) homozygous in the mutant pool; (2) heterozygous in the wild-type pool; (3) not annotated in the SNPTrack SNP database; and (4) not repetitive. The most likely causative mutations (ten missense mutations) of these SNPs were evaluated for presence in SNPfisher.
Splice morpholino and CRISPR target site polymorphisms CRISPR target sites were downloaded from the CRISPR Genome Engineering Resources website (http://www.genome-engineering.org/ crispr/) via the UCSC genome browser. All annotated exon start and stop coordinates in Zv9 were extracted from Ensembl gene annotations downloaded from the UCSC genome browser (http://hgdownload.soe. ucsc.edu/goldenPath/danRer7/database/ensGene.txt.gz). spMO target sites were defined as 50 bp (25 upstream, 25 downstream) surrounding the last base of the exon of splice donors and the first base of the exon of splice acceptors. A custom script was written to generate a non-redundant bed of spMO target sites from the extracted exon target sites. The intersect function of bedtools was used to identify spMO and CRISPR target sites that contain SNPfisher variants (Quinlan and Hall, 2010) .
SNPfisher tool
All SNPs and Indels passing all filtering criteria along with predicted restriction enzyme changes were compiled in a simple database accessible using a web interface (snpfisher.nichd.nih.gov). Simple filtering criteria are implemented in the submission form, including restriction digest requirements, allele frequencies and associated read depths for each or any of the strains. Sequencing data and mutation calls were compiled into UCSC genome browser tracks for easy viewing of both mutations and sequencing coverage for each genetic background.
Consortial variant format
Binary alignment maps (BAMs) for each wild-type strain sequenced by Bowen et al. were downloaded from the Resource page of the Harris Lab website (Boston Children's Hospital, Boston, MA, USA; http://fishbonelab. org/harris/Resources.html) (Bowen et al., 2012) . BAMs divided by chromosome were concatenated into a single BAM per each strain. Variants were recalled and filtered independently, not with other strains, according to the criteria described by Bowen et al., with the exception that a low-depth filter was removed due to low genome coverage.
VCF files for the wild-type strains sequenced by Obholzer et al. were downloaded from the MegaMapper page of the Megason Lab website (https://wiki.med.harvard.edu/SysBio/Megason/MegaMapper; Obholzer et al., 2012) . A Repeatmasker annotation file for the Zv9 assembly was downloaded from http://hgdownload.soe.ucsc.edu/goldenPath/danRer7/ database/rmsk.txt.gz and re-ordered to match the contig order in the Zv9 fasta downloaded from the Wellcome Trust Sanger Institute website (ftp://ftp.sanger.ac.uk/pub/zfish/assembly/Zv9/Zv9_toplevel.fa.gz). The reordered Repeatmasker file was used as a mask with the GATK
